We investigate the dynamics of nanoparticles in semidilute polymer solutions when the nanoparticles are comparably sized to the polymer coils using explicit-and implicitsolvent simulation methods. The nanoparticle dynamics are subdiffusive on short time scales before transitioning to diffusive motion on long time scales. The long-time diffusivities scale according to theoretical predictions based on full dynamic coupling to the polymer segmental relaxations. In agreement with our recent experiments, however, we observe that the nanoparticle subdiffusive exponents are significantly 1 arXiv:1711.01014v3 [cond-mat.soft] 9 Feb 2018 larger than predicted by the coupling theory over a broad range of polymer concentrations. We attribute this discrepancy in the subdiffusive regime to the presence of an additional coupling mechanism between the nanoparticle dynamics and the polymer center-of-mass motion, which differs from the polymer relaxations that control the long-time diffusion. This coupling is retained even in the absence of many-body hydrodynamic interactions when the long-time dynamics of the colloids and polymers are matched.
Introduction
The Brownian dynamics of colloids suspended in a purely viscous fluid is traditionally described by the Stokes-Einstein (SE) equation, which relates the diffusivity D to the ratio of thermal energy of the colloid to the viscous drag over the particle surface. In complex fluids, e.g. polymer solutions, the colloid dynamics are in addition affected by viscoelastic contributions, which can be incorporated into the generalized Stokes-Einstein (GSE) expression through a complex viscosityη. 1, 2 An underlying assumption of both the SE and GSE expressions is that the fluid can be regarded as an effective continuum over the particle surface. When this continuum approximation is broken by a particle that is comparably sized to a characteristic length scale of the material, however, the particle dynamics deviates from these expressions and a description based solely on the zero-shear viscosity of the material becomes insufficient. [3] [4] [5] [6] [7] [8] [9] [10] nanoparticle dynamics to local fluctuations in the polymer mesh. Such treatments accurately reproduce the long-time dynamics of the nanoparticles but have largely not investigated dynamics on shorter time and length scales due to the sensitivity of the analytical calculations to the dynamic propagator of the polymer fluctuations. To model nanoparticle dynamics over a wide range of time and length scales, coupling theory 22 proposes that the nanoparticle dynamics directly couple to the segmental relaxations of the surrounding polymer chains. Under this assumption, nanoparticles are locally trapped by the polymer chains, leading to subdiffusive motion on short time scales. As the polymer chains relax over the particle surface, the nanoparticle can break out of its local cage and begin to freely diffuse through the solution with a size-dependent diffusivity, which scales as σ NP /ξ, where σ NP is the nanoparticle diameter.
In our previous experimental work, we found excellent agreement between coupling theory and long-time particle diffusivities, and for the short-time particle dynamics in the limit of small or large nanoparticles relative to the characteristic length scales of the polymer solution (i.e., σ NP < ξ and σ NP 10ξ, respectively). 23 Substantial deviations from the predicted behavior, however, were observed at short times for particles of size comparable to the correlation length. Across a broad range of polymer concentrations, the nanoparticle subdiffusive exponents α NP were much larger than predicted, and varied with both particle size and polymer concentration. Additionally, we found that long-range interparticle interactions affected the subdiffusive motion of the particles. 24 This result suggests that the energy barrier for particle motion through the polymer mesh on short time and length scales is finite, in contrast to the infinite barrier required for full coupling of the particle and polymer dynamics. 13 processing and in oil production and exploration. 12 Simulations are an ideal method to probe short-time dynamics and have been extensively used to investigate nanoparticle dynamics in polymer melts. [26] [27] [28] Extending these methods to investigate dynamics in polymer solutions, however, remains challenging due to the computationally demanding nature of accurately modeling solvent-mediated interactions. These interactions are strongly screened in melts, but influence short-time dynamics in polymer solutions.
Here, we simulate the dynamics of nanoparticles in semidilute solutions of comparably sized polymers, using multiparticle collision dynamics (MPCD) to account for solventmediated hydrodynamic interactions (HI). [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Complementary Langevin dynamics (LD) simulations, which remove HI between particles, are also performed. The friction coefficients employed in the LD simulations are chosen to reproduce the long-time nanoparticle and polymer center-of-mass diffusion coefficients calculated from the MPCD simulations in the dilute regime, allowing us to study short and intermediate time dynamics in the absence of HI while approximately preserving the long-time relaxation behavior observed in the MPCD simulations. The MPCD simulations reveal trends that are qualitatively similar to previous experiments -the nanoparticle dynamics are subdiffusive on short time scales and diffusive on long time scales, with diffusivities that scale as predicted by cou-pling theory. The subdiffusive exponents, however, are larger than the predicted value of 0.5 and smoothly decrease with increasing polymer concentration, similarly to what is observed experimentally. Moreover, the subdiffusive exponents of the particle are strongly correlated to those of the polymer center-of-mass, suggesting that coupling to the motion of the polymer center-of-mass may provide an additional mechanism by which the nanoparticles can move through a polymer solution. This coupling mechanism appears in both MPCD and LD simulations, indicating that many-body hydrodynamic interactions are not required when the long-time dynamics are preserved.
Model and Simulation Methods
Following recent studies, 33, [35] [36] [37] [38] we model the polymers in solution as bead-spring chains composed of N m monomer beads with diameter σ P . Polymer bonds are described by the finitely extensible nonlinear elastic (FENE) potential:
where r is the scalar separation distance between two bonded beads. Excluded volume interactions are modeled using the purely repulsive, shifted Weeks-Chandler-Andersen (sWCA) potential to simulate good solvent conditions:
where ε controls the strength of the repulsion. For monomer-monomer interactions, we set ∆ ij = 0 and σ ij = σ P . Similarly, for nanoparticle-nanoparticle interactions, ∆ ij = 0 and σ ij = σ NP . To account for the size asymmetry of the polymer monomers and nanoparti-cles, however, we use ∆ ij = (σ NP − σ P )/2 and σ ij = σ P for the cross interactions.
All simulations were performed in a cubic box with a 40σ P edge length and periodic boundary conditions in all directions. We used LAMMPS 42 to conduct our simulations.
A value of ε = k B T was used for all particle interactions, where k B is Boltzmann's constant and T is temperature. The polymers were modeled using N m = 50 beads and the standard Kremer-Grest parameters for the bonded interactions, 43 i.e. κ = 30k B T σ Many-body HI in the nanoparticle-polymer solutions were simulated using the MPCD algorithm. [29] [30] [31] [32] In MPCD, mesoparticles (polymers and nanoparticles) are immersed in an background solvent, which is modeled explicitly through an ensemble of point particles. These solvent particles exchange momentum with nearby solvent and mesoparticles through stochastic collisions, which are designed to ensure that hydrodynamic correlations emerge over sufficiently large length scales. 31 The MPCD simulations for our model were conducted using a momentum conserving version of the Andersen thermostat 44,45 that we implemented into the existing stochastic rotation dynamics (SRD) module in LAMMPS. 46 This scheme, which is often referred to as MPCD-AT, is described in detail elsewhere. 44, 45, 47 The MPCD routines for LAMMPS used in our study are available online, 48 along with example scripts for simulating solutions of polymers and nanoparticles.
The edge length, a, of the cubic MPCD collision cells dictates the spatial resolution of the HI, 49 and we chose a = σ P for our simulations. We assigned unit mass m = 1 to each solvent particle and used an average MPCD solvent density ρ = 5m/σ 
Results and Discussion
Coupling theory 22 predicts that the nanoparticle dynamics are subdiffusive on short time scales with a mean-squared displacement (MSD) that scales as a power-law in time, ∆r 2 ∼ t α NP . Nanoparticles smaller than the polymer correlation length (e.g. σ NP < ξ) are predicted to pass freely through the polymer mesh, so that α NP = 1. Once σ NP > ξ, the particles are predicted to be locally trapped by the polymer and can only move according to the segmental Rouse relaxations of the surrounding chains, so that α NP = 0.5.
Indeed, this sharp transition has been observed in previous experiments where the dispersed nanoparticles were chemically bound to transient polymer networks. 52 In our MPCD simulations of athermal nanoparticle-polymer solutions, however, we observe a smooth, monotonic decay in α NP rather than the predicted step function from α NP = 1 to 0.5 at σ NP /ξ = 1 (Fig. 2) . A similar trend was observed in our previous experiments, 23 recovering α NP = 0.5 only for large particles at high polymer concentrations. The MPCD simulations and experiments therefore collectively demonstrate that coupling theory correctly captures the dynamic behavior in the limits σ NP < ξ and σ NP 10ξ. However, they also reveal a surprisingly broad crossover regime, where the subdiffusive exponent is significantly larger than expected from coupling theory.
Comparison of the LD and MPCD simulations also suggests that HI influence the short-time nanoparticle dynamics. In the dilute limit (i.e. c/c * → 0), both LD and MPCD predict that α NP → 1, in accord with experiment ( To investigate these short-time dynamics, it is instructive to examine the behavior of both nanoparticles and polymer chains in the MPCD simulations. Qualitatively, the MSD ∆r 2 of the nanoparticles (Fig. 3(a) ) exhibits the predicted features 22 that have been ob- 4 . The Zimm time τ ξ ≈ η 0 ξ 3 /k B T is estimated to be τ ξ ∼ 10τ for 8c * and hence is not shown.
served in experiments 23, 56 and simulations. 57 On short time scales, the particles move subdiffusively with α NP < 1. On long time scales, the particle motion becomes diffusive (i.e.
α NP = 1) with a diffusivity D that decreases with increasing polymer concentration. As an additional verification of the simulations, the MSD for the monomer beads in the centerof-mass reference frame (Fig. 3(b) ) exhibits the expected Zimm scaling ∆r 2 ∼ t 2/3 at low polymer concentrations and Rouse scaling ∆r 2 ∼ t 1/2 at higher polymer concentrations. The transition from Zimm to Rouse relaxations confirms that HI are screened at high polymer concentrations, in agreement with polymer scaling predictions. 53 Finally, the MSD for the polymer chain center-of-mass ( Fig. 3(c) ) exhibits qualitatively similar behavior to that of the nanoparticles. On short time scales, the polymer center-of-mass motion is subdiffusive with an exponent α P < 1, similar to what has been observed previously in molecular dynamics simulations 58 and experiments 59 for polymer chains in unentangled melts. On long time scales, the polymer relaxations are dominated by the longest Rouse mode, so that the center-of-mass moves diffusively. Additionally, comparison of the nanoparticle and polymer center-of-mass MSDs at the same polymer concentration indicates that both nanoparticles and polymer chains are mobile over similar time and length scales.
Confirming that the MPCD simulations accurately capture the polymer relaxations,
we now analyze the change in long-time particle diffusivity with increasing polymer concentration (Fig. 4) . At low polymer concentrations where σ NP /ξ < 1, the particle diffusivities are similar to those observed in pure solvent so that D/D 0 ≈ 1, where
NP is the diffusivity of the particle in the absence of polymer and η 0 is the solvent viscosity. For σ NP /ξ > 1, the particle diffusivities scale as
as predicted from coupling theory, 22 where ξ = R g,0 (c/c * ) −ν/(3ν−1) is the polymer correlation length 14 and ν is the inverse of the polymer fractal dimension. For the bead-spring polymer model considered here ν = 0.61, which is in good agreement with previous computational studies, 33 with the estimated value of 0.62 for the partially hydrolyzed polyacrylamide used in experiment, 23 and with the theoretically predicted value of 0.59
for flexible chains in a good solvent. 33 The scaling of the nanoparticle diffusivities with σ NP /ξ for MPCD simulations agrees with that observed in our recent experiments. 23 The offset between the simulated and experimental data is attributable in large part to the difference in shear viscosities (inset to Fig. 4(b) ). In both experiments and simulations, the solution viscosity η was determined through shear measurements in the linear response regime. 60 Whereas the simulations use a generic monodisperse polymer model in a good solvent, the polymers used in experiment were highly polydisperse polyelectrolytes with a charge functionality of ≈ 30%.
It is well established that the viscosity of solutions of charged polymers scales differently with concentration than that of neutral polymer solutions, 61, 62 resulting in the order of magnitude difference between the viscosities of the experimental and simulated solutions (inset to Fig. 4(b) ). Specifically, the shear viscosity of the experimental solution is approximately 60 times higher for c/c * = 3. Hence, the fact that the normalized diffusivities D/D 0 for the experiments are lower than those computed from simulation is expected.
Nevertheless, both data sets exhibit the same qualitative trends.
To assess the changes in particle diffusivity relative to bulk solution properties, we compare the diffusivities from simulation and experiment to those predicted by the Stokes- (Fig. 4(b) ). At higher concentrations, however, the diffusivities begin to increasingly deviate from D SE , in accord with experiments. Thus, the MPCD simulations accurately capture the change in the long-time nanoparticle dynamics with increasing polymer concentration, and semi-quantitatively describe the deviations from Stokes-Einstein predictions at high concentrations.
Finally, we assess the effects of HI by comparing the diffusivities extracted from the MPCD simulations to those from the LD simulations (Fig. 4(a) ). LD is an implicit-solvent (Fig. 2) , occur in the intermediate regime.
Thus our results suggest that HI influence the long-time particle diffusivities for σ NP /ξ 5.
63
In addition to the long-time nanoparticle dynamics, the MPCD and LD simulations provide crucial insights into the coupling between nanoparticles and polymer chains on short time and length scales, which are difficult to experimentally measure. Coupling theory assumes that the longest relaxation time of the polymer τ R = τ ξ (R g /ξ) 4 is much larger than the crossover time τ c at which the nanoparticle dynamics transition from subdiffusive to diffusive, 22 so that the particle dynamics are fully coupled to the polymer segmental relaxations. Under this assumption, nanoparticle dynamics become diffusive once the polymer segments relax over the particle surface. For the simulated polymer chains, the calculated Rouse time ranges from 10 2 τ to 10 3 τ depending on polymer concentration, in good agreement with when the polymer center-of-mass begins moving diffusively ( Fig.   3(c) ). Whereas coupling theory assumes a separation of time scales, this Rouse time scale is comparable to the crossover time of the particles (τ c ≈ τ R ), indicating that the polymer center-of-mass motion cannot be neglected. Comparable time scales were also observed in our previous experiments. 23 Based on the similarities of the MSDs (Fig. 3) , we compare the subdiffusive exponents for the nanoparticles and the polymer center-of-mass ( Fig. 5(a,b) ). At low polymer concentrations, both particles and polymer chains move diffusively (i.e. α NP , α P ≈ 1). As the polymer concentration increases, the particles and polymer chains become subdiffusive with monotonically decreasing subdiffusive exponents. Furthermore, the change in nanoparticle and polymer subdiffusive exponents are similar in magnitude and shape, indicating that the particle and polymer dynamics on short time scales are positively correlated. The subdiffusive exponents of the nanoparticles are slightly lower than those of the polymers but are highly correlated over the entire concentration range (Fig. 5(c) over an order of magnitude in polymer concentration. To combine these contributions into a unified picture, the data suggest that the nanoparticles generally move through polymer solutions via two mechanisms -coupling to segmental relaxations to move relative to the polymer center-of-mass and coupling to the center-of-mass motion to move with the polymer center-of-mass (Fig. 6) . The combination of these two mechanisms may lead to the long-time diffusivity of nanoparticles that scales according to the length-scale ratio σ NP /ξ and deviates from the zero-shear solution viscoelasticity, and to the short-time subdiffusive dynamics with subdiffusive exponents 0.5 ≤ α NP α P ≤ 1 and crossover times τ c ≈ τ R . 
22.
Chen et al. 63 also performed simulations without HI in their study. Rather than using LD, however, they destroyed HI within the MPCD framework by randomizing the solvent positions and velocities. Interestingly, in contrast with our findings, their simulations predict that the nanoparticle and polymer center-of-mass subdiffusive behavior decouples in the absence of HI. We hypothesize that this discrepancy arises because their approach for destroying HI does not preserve the long-time nanoparticle and poly-mer center-of-mass diffusive behavior, and thus it also likely distorts the relative time scales associated with other relaxation processes in the system. Hydrodynamic interactions influence various aspects of solution dynamics. Unfortunately, there is no unique approach for removing HI from simulations that would allow an unambiguous characterization of its contributions at all time scales. The approach that we have adopted preserves the long-time particle and polymer relaxation time scales under dilute conditions. These relaxations are influenced by drag from the solvent, but, by definition, not by many-body contributions arising from momentum transfer between nanoparticles and polymers. Even though these additional contributions may influence relaxations at finite solute concentrations, this does not imply that they dictate the physical mechanisms controlling nanoparticle-polymer coupling. Indeed, our results demonstrate that when the long-time relaxations of the system are preserved, the nanoparticle and polymer center-of-mass subdiffusive behavior remains strongly coupled even in the absence of many-body nanoparticle-polymer hydrodynamic correlations.
Conclusion
We simulated the dynamics of nanoparticles in semidilute polymer solutions with and without long-range hydrodynamic interactions. The long-time nanoparticle dynamics were well described by recent theoretical predictions based on coupling to segmental relaxations; this coupling theory also captures the short-time dynamics for particles smaller than or much larger than the polymer correlation length. In agreement with experiments, however, the simulations revealed a surprisingly broad crossover regime where the subdiffusive exponent was larger than predicted. Analysis of the simulation trajectories suggests that the nanoparticles couple to the subdiffusive dynamics of the polymer center-ofmass on short time scales, which provides an additional mechanism by which nanoparticles can move through the solution. Analogous physical pictures have been proposed to explain tracer dynamics in colloidal glasses 66 and crowded biological material, 67 in which the coupling between tracer and crowder dynamics leads to subdiffusive dynamics.
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